Introduction {#sec1}
============

Aminopeptidase N (APN; also known as CD13) is a type II membrane zinc-dependent metalloprotease.^[@ref1]^ APN preferentially cleaves neutral amino acids from the N-terminus of peptides. It is expressed in many tissues, being most abundant in the enterocytes of the small intestine and in the epithelium of kidney proximal tubules.^[@ref2]^ While the exact role of renal APN is not well understood, some studies have suggested that it regulates tubular salt handling, influences blood pressure, and plays a pathogenic role in hypertension.^[@ref3]^ APN converts angiotensin III to angiotensin IV by cleaving N-terminal arginine.^[@ref4]^ Previously APN was proposed as a urinary biomarker of renal disease since it is present at low levels in normal urine.^[@ref5]^ Its presence is believed to be due to the turnover of the renal proximal tubular epithelium.^[@ref6]^ Urine APN levels rise markedly under the influence of nephrotoxins affecting the proximal renal tubule or the glomerulus.^[@ref6],[@ref7]^ Thus, we hypothesized that molecular imaging of kidney APN expression noninvasively could provide pathophysiological information about kidneys, which cannot be obtained by serum or urinary biomarkers.

In order to test our hypothesis, we selected the UPII-SV40T transgenic mouse model. UPII-SV40T transgenic mice expressing a Simian Virus 40 large T antigen (SV40T) specifically in urothelial cells under the control of the Uroplakin II (UPII) promoter develop bladder carcinoma in situ (CIS), as well as invasive and metastatic transitional cell carcinomas (TCCs).^[@ref8]^ TCCs are also found in renal pelvis and extend to the renal cortex in many of these mice. Kidney APN expression has also been demonstrated to be significantly decreased in renal cancer tissues compared to adjacent normal tissues.^[@ref9]^

For this study, we used probestin, a known potent APN inhibitor (*K*~*i*~ value of 19 nM),^[@ref10]^ as a targeting reagent. We have previously reported six ^99m^Tc-labeled probestin conjugates containing a tripeptidic amine--bisamido-thiol (N~3~S type) chelator and a polyethylene glycol (PEG) linker.^[@ref11]^ These conjugates demonstrated specific APN-binding in both in vitro and in vivo experiments.^[@ref11]^ Among them, \[^99m^Tc\]oxotechnetium(V)-[l]{.smallcaps}-aspartyl-[l]{.smallcaps}-2,3-diaminopropionyl-[l]{.smallcaps}-cysteinylamide-8-amino-3,6-dioxaoctanoic-probestin (herein referred as ^99m^Tc-probestin, Figure [1](#fig1){ref-type="fig"}) demonstrated the highest kidney uptake. The specific APN targeting of ^99m^Tc-probestin was confirmed by a blocking biodistribution study in the human fibrosarcoma HT-1080 (these cells are known to express high levels of APN) tumor xenograft-bearing nude mice at 1 h postinjection.^[@cit11c]^ By coinjection of 100 μg of probestin with ^99m^Tc-probestin, over 77% of radioactivity uptake in tumor, kidney, and other APN-expressing tissues was specifically blocked by the excess probestin. Therefore, we selected ^99m^Tc-probestin as a kidney APN targeting tracer for this study.

![Chemical structure of \[^99m^Tc\]oxotechnetium(V)-[l]{.smallcaps}-aspartyl-[l]{.smallcaps}-2,3-diaminopropionyl-[l]{.smallcaps}-cysteinylamide-8-amino-3,6-dioxaoctanoic-probestin (^99m^Tc-probestin).](mp-2014-002872_0002){#fig1}

Materials and Methods {#sec2}
=====================

General {#sec2.1}
-------

Na^99m^TcO~4~ was obtained from the University of Oklahoma Nuclear Pharmacy. ^99m^Tc-probestin (Figure [1](#fig1){ref-type="fig"}) was prepared according to our previously reported procedures.^[@cit11a],[@cit11b]99m^Tc-probestin was obtained in a decay-corrected radiochemical yield of ∼60% with radiochemical purity of \>98% after HPLC purification. The specific activity of the final product was not determined since the unlabeled probestin conjugate was separated from the radiolabeled product by HPLC. Small animal SPECT imaging was conducted in the OU College of Pharmacy Research Imaging Facility using a two-detector NanoSPECT In Vivo Preclinical Imager (Bioscan, Inc., Washington, DC, USA). All animal studies were conducted in accordance with protocols approved by the University of Oklahoma Health Sciences Center institutional animal care and use committee.

Breeding of UPII-SV40T Transgenic Mice {#sec2.2}
--------------------------------------

All mice were bred and genotyped as described earlier.^[@cit8b]^ In brief, male UPII-SV40T mice were crossed with wild-type females to generate offspring. Transgenic pups were confirmed by tail DNA extraction using the mini-prep kit (Invitrogen) and polymerase chain reaction (PCR). PCR for the SV40 T gene was done using the primer 5′-CTTTGGAGGCTTCTGGGATGCAACT-3′ (sense) and 5′-GCATGACTCAAAAAACTTAGCAATTCTG-3′ (antisense) and amplifying under the following PCR conditions: denaturation at 95 °C for 5 min, followed by 35 cycles at 95 °C for 1 min, 58 °C for 45 s, and 72 °C for 45 s. The PCR products, when separated on a 2% agarose gel, showed a 550 bp band if the SV40 T gene was present.

Animals were housed in ventilated cages under standardized conditions (21 °C, 60% humidity, 12 h light/12 h dark cycle, 20 air changes per hour) in the University of Oklahoma Health Sciences Center rodent barrier facility. Mice were allowed ad libitum access to standard mouse chow and to automated tap water purified by reverse osmosis.

Small Animal SPECT Imaging {#sec2.3}
--------------------------

Small animal SPECT imaging was conducted in a total of 12 25--80 week old UPII-SV40T transgenic and wild-type mice (Table [1](#tbl1){ref-type="other"}). Mice were anesthetized using 2% isoflurane in oxygen at 2 L/min, in a polypropylene induction chamber. When fully anesthetized, a dose of ^99m^Tc-probestin (18.5 MBq) in 100 μL of 0.2 M PBS (pH 8) was injected through the tail vein. At 1 h postinjection, mice were anesthetized again and placed on the mouse bed of the NanoSPECT camera. SPECT imaging data was acquired for the abdominal region in a helical scanning mode with 20 projections and an acquisition time of 60 s per projection over the whole body. After imaging was done, all mice were euthanized and kidneys were collected. The radioactivity associated with each kidney was measured on a Cobra II automated gamma counter (Packard Instruments). Kidneys were then dissected, photographed, and fixed in 10% neutral-buffered formalin for histopathological evaluation and immunohistochemical analysis.

###### ^99m^Tc-Probestin Kidney Uptake (% ID/g) at 1 h Postinjection and Histopathology Results of UPII-SV40T Mouse Kidney Sections[a](#tbl1-fn1){ref-type="table-fn"}

                                       histopathology              
  ---- ------------ ---- ------ ------ ---------------- ----- ---- ----
  1    transgenic   63   36.6   41.0   100              100   5    5
  2    transgenic   57   39.0   48.3   100              100   1    1
  3    transgenic   57   7.6    38.6   100              100   50   5
  4    transgenic   25   63.1   65.4   100              30    5    0
  5    transgenic   25   60.0   65.1   50               100   0    3
  6    transgenic   80   57.1   71.3   0                0     0    0
  7    transgenic   80   65.4   79.3   0                0     0    0
  8    transgenic   50   36.0   38.2   100              100   5    10
  9    transgenic   25   80.1   81.2   100              100   1    0
  10   wild-type    60   56.5   56.6   0                0     0    0
  11   wild-type    80   70.2   87.1   0                0     0    0
  12   wild-type    25   69.6   78.6   0                0     0    0

  kidneys                                                                 ^99m^Tc-probestin uptake
  ----------------------------------------------------------------------- --------------------------
  wild-type mouse kidneys (6 kidneys)                                     69.8 ± 12.1
  transgenic mouse kidneys with no damage of renal cortex (7 kidneys)     68.5 ± 9.2
  transgenic mouse kidneys with ≥1% damage of renal cortex (11 kidneys)   44.9 ± 19.1

Mouse 3 is female, and the other mice are male. LK: left kidney. RK: right kidney.

Raw SPECT imaging data was reconstructed using the software package supplied by the manufacturer. Reconstructed SPECT images were visualized using InVivoScope (Bioscan, Washington, DC) software package.

Tissue Processing and Histopathological Analysis {#sec2.4}
------------------------------------------------

Formalin-fixed, paraffin-embedded tissues were sectioned (4 μm) and stained with hematoxylin and eosin (H&E). Morphology of each kidney section was evaluated by a pathologist blinded to the experimental group.

Immunohistochemical Analysis {#sec2.5}
----------------------------

Expression of proliferating cell nuclear antigen (PCNA) and APN (CD13) was evaluated by immunohistochemical analysis. Regions positive for their expression are seen as brown areas in the photographs. Briefly, sections of paraffin-embedded tissues were deparaffinized in xylene, rehydrated through graded ethanol solutions, and washed in phosphate-buffered saline (PBS). Antigen retrieval was carried out by heating the sections in 0.01 mol/L citrate buffer (pH 6.0) for 30 min in a boiling water bath. Endogenous peroxidase activity was quenched by incubation in 3% H~2~O~2~ in PBS for 5 min. Nonspecific binding sites were blocked using Protein Block for 20 min. Then, sections were incubated overnight at 4 °C with recommended dilutions of monoclonal antibodies, PCNA Antibody (PC10) and CD13 Antibody (C-17) (Santa Cruz Biotechnology), against PCNA (1:800) and APN (1:50) respectively. After several washes with PBS, tissue sections were incubated with appropriate secondary antibodies for 2 h and then exposed to avidin--biotin complex reagent (Invitrogen). After rinsing with PBS, the slides were incubated with chromogen 3,3′-diaminobenzidine for 3 min and then counterstained with hematoxylin. Nonimmune rabbit immunoglobulins were substituted for primary antibodies as negative controls. Specimens were observed using an Olympus IX71 microscope, and digital computer images were recorded with an Olympus DP70 camera.

Statistical Analysis {#sec2.6}
--------------------

All results are expressed as the mean ± SD. To determine the statistical significance of differences between the 2 groups, comparisons were made with the two-tailed Student *t*-test for paired data; a *P*-value of less than 0.05 was considered to be statistically significant.

Results {#sec3}
=======

A group of 12 mice were examined for this study. Genotyping showed that there were nine UPII-SV40T transgenic and three wild-type mice (Table [1](#tbl1){ref-type="other"}). Both the transgenic and wild-type mice were phenotypically similar and did not show overt signs of urothelial tumors.

The SPECT images obtained at 1 h postinjection displayed a high radioactivity uptake in kidneys compared to any other major organ, which is consistent with our previous studies with ^99m^Tc-probestin.^[@ref11]^ Representative SPECT images are shown in Figure [2](#fig2){ref-type="fig"}. As expected, no or minimum uptake of radioactivity was observed in the tumor regions of renal cortex of transgenic mice whereas the entire cortex was visible in wild-type mice (Figure [2](#fig2){ref-type="fig"}). In this group (Table [1](#tbl1){ref-type="other"}), radioactivity uptake in transgenic mouse kidneys with no damage of renal cortex (7 kidneys) was found to be 68.5 ± 9.2% of injected dose per gram (% ID/g), which was significantly (*P* = 0.002) reduced to 44.9 ± 19.1% ID/g in transgenic mouse kidneys with at least 1% damage of renal cortex (11 kidneys). The extent of renal cortical damage was quantitatively determined by immunohistochemistry. The radioactivity uptake in wild-type mouse kidneys (6 kidneys) was found to be 69.8 ± 12.1% ID/g, which matches well with the uptake found in transgenic mouse kidneys with no damage to the renal cortex.

![SPECT images obtained at 1 h postinjection of ^99m^Tc-probestin (∼500 μCi) and corresponding kidney photographs. MIP: maximum intensity projection.](mp-2014-002872_0003){#fig2}

Gross necropsy showed significant tumor growth in kidneys of some transgenic mice (Figure [2](#fig2){ref-type="fig"}). Tumor was observed in one or sometimes both kidneys and mainly occupied renal pelvis but extended into cortex in some mice. Histopathological analysis of kidney sections using H&E staining showed normal morphology for both renal pelvic and renal cortical regions in wild-type mice and abnormal morphology in some transgenic mice. Proliferating cell nuclear antigen staining confirmed the presence of tumor in those abnormal regions (Figure [3](#fig3){ref-type="fig"}, Table [1](#tbl1){ref-type="other"}).

![Color images of histopathological and immunohistochemical sections of a UPII-SV40T transgenic mouse kidney. The tumor region (T) is stained positive with both H&E (bluish purple) and PCNA (dark brown) whereas the normal tissue region (N) is stained positive with APN (dark brown).](mp-2014-002872_0004){#fig3}

Immunohistochemical analysis of kidney sections using anti-CD13 antibody staining confirmed the reduction of APN expression levels in tumors compared to adjacent normal tissue (Figures [3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}).

![Color images of immunohistochemical sections of all mouse kidneys stained for APN expression. All images were taken in 40× magnification. Positive regions are as seen dark brown, and negative regions are represented by light brown to blue staining. N: normal. T: tumor. P: pelvis.](mp-2014-002872_0005){#fig4}

Discussion {#sec4}
==========

APN plays important roles in angiogenesis, tumor cell invasion, and metastasis.^[@ref12]^ This association of APN with the growth of different human cancers suggested it as a suitable biomarker for targeting cancers. Recently, a few SPECT and PET agents based on an APN binding NGR peptide motif have been reported for possible application in imaging APN-positive tumors.^[@ref13]^ However, these constructs have an asparagine-glycine-arginine (NGR) motif which was found to be rapidly converted to isoaspartate-glycine-arginine (*iso*DGR), an α~v~β~3~ integrin binding ligand, by asparagine deamidation.^[@ref14]^ Since the NGR to *iso*DGR transformation may potentially eliminate APN targeting, we chose to examine an alternative APN-binding ligand, probestin, as a vector for targeting APN in vivo. For example, NGR peptide-based radiotracers displayed much less (over 10 times) kidney uptake compared to ^99m^Tc-probestin, even though APN is known to highly express in kidneys.^[@cit11c],[@ref13]^ Although overexpression of APN is generally associated with the presence of tumor, its expression has been shown to be remarkably decreased in the case of renal cancer tissue compared to the surrounding normal tissue in human kidney.^[@ref9]^ While the precise relation of APN to renal cancer remains unclear, decreased APN expression in renal cancers may be related to decreased zinc levels in renal cancer tissues, since zinc is necessary for the enzymatic activity of APN.^[@cit9a]^ This differential expression of APN in normal and cancerous kidney tissue could be exploited to obtain useful pathological information in vivo noninvasively. In this regard, to our knowledge this is the first study to investigate the potential use of in vivo imaging of kidney APN expression.

In general, an upregulated biomarker is a better choice than a downregulated biomarker for molecular imaging of tumors. However, the main goal of our study was to demonstrate the potential application of imaging APN expression to noninvasively obtain kidney pathophysiological information. We have selected the UPII-SV40T transgenic mouse model because APN-negative invasive and metastatic transitional cell carcinomas are often developed in the renal pelvis in these mice. The progression of these tumors to the renal cortex is thus expected to displace the normal cortical tissue and lead to the absence of the APN expression in the tumor areas. In this study, we correlated histopathological findings of kidney sections with immunohistochemical analysis and ^99m^Tc-probestin SPECT imaging results of UPII-SV40T transgenic and wild-type mice. Kidney sections of transgenic mice that showed neoplastic abnormalities in renal pelvic and cortical regions by H&E staining also showed strong positive results for PCNA in those regions (Figure [3](#fig3){ref-type="fig"}), while kidney sections from wild-type mice did not exhibit PCNA staining. There was a clear correlation of results obtained by H&E and PCNA staining suggesting that there was significant presence of tumors in some transgenic mouse kidneys. Similarly, immunohistochemical analysis of kidney sections showed significantly higher APN expression in the normal tissue regions of kidneys compared to regions occupied by tumor (Figures [3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}). These immunohistochemical results agree well with the previously reported results in renal tissue specimens obtained from clear cell and papillary renal cell carcinoma patients.^[@ref9]^

As shown in Figure [2](#fig2){ref-type="fig"}, radioactivity in normal tissue regions of renal cortex was clearly visible in SPECT images, whereas tumor regions of renal cortex displayed significantly lower or no radioactivity uptake. As shown in Table [1](#tbl1){ref-type="other"}, radioactivity uptake in transgenic mouse kidneys with no damage of renal cortex is significantly higher (∼52%, *P* = 0.002) than in transgenic mouse kidneys with at least 1% damage of renal cortex. At the same time, radioactivity uptake in wild-type mouse kidneys matches well with the uptake found in transgenic mouse kidneys with no damage of renal cortex. The intestinal uptake of radioactivity was visible in the SPECT images (Figure [2](#fig2){ref-type="fig"}) in the abdominal region, especially, in the maximum intensity projection images. The relative intensity of this background is low because the uptake ratio of kidney/intestine is \>7 (based on biodistribution data from our previously reported studies). The APN-specific uptake of ^99m^Tc-probestin in intestine was confirmed in our previously reported blocking (with coinjection of 100 μg of probestin with ^99m^Tc-probestin) biodistribution study in the HT-1080 tumor-bearing mice at 1 h postinjection.^[@cit11b]^ We observed a blocking of \>77% uptake in intestine as well as other APN-expressing tissues.

In the present study, the SPECT imaging results correlated well with the variation of APN expression levels as indicated by immunohistochemical analysis using anti-CD13 antibody. Thus, absence or markedly reduced radioactivity uptake in tumor regions of renal cortex in this case is attributed to decreased APN expression in those regions based on our immunohistochemical results. However, it is important to note that the decreased uptake of radioactivity could be the result of other unrelated factors such as changes in blood perfusion in tumor regions. In that case additional studies using functional CT or MRI to evaluate the blood perfusion in tumor regions could rule out the false positive results obtained by SPECT imaging of kidney APN expression.^[@ref15]^ In general, the renal function (glomerular filtration rate, GFR) is known to decline steadily with aging after a certain age (in humans beginning at age 30--40 years). In addition to glomerular filtration, renal clearance also occurs via tubular secretion which is preserved even with aging. In the case of APN, since it is expressed in the epithelium of renal proximal tubules, any damage to the glomeruli with aging can affect renal function, but since whole nephron is preserved, blood would still flow through the peritubular capillaries and the tracer present in blood would have access to bind APN. Thus, we think renal function or aging alone may not affect the tracer binding to the APN. This speculation is supported by our observation that, regardless of age (25 to 80 week), all wild-type mice showed very similar kidney uptake of tracer (Table [1](#tbl1){ref-type="other"}).

Conclusions {#sec5}
===========

Results obtained in this study demonstrate the potential use of ^99m^Tc-probestin SPECT as a novel technique for noninvasive imaging of kidney APN expression.
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